Morphological identification of ancient bone is often problematic due to heavy fragmentation that generally influences zooarchaeological assemblages. Fish bones are more taphonomically sensitive than those of other vertebrates as they are typically smaller and less biomineralised. Thus, taxonomic identification based on the preservation of morphological features is often extremely limited and can reduce or eliminate the usefulness of an assemblage for inferring taxon information. Currently, one of the most time--and cost--efficient methods of achieving faunal identity from ancient bone is by the collagen fingerprinting technique known as ZooMS (Zooarchaeology by Mass Spectrometry). ZooMS harnesses the potential of preserved collagen, which is the most dominant and time--stable protein in bone. In this research, ZooMS is applied to ancient Baltic region fish assemblages that are between 500 and 6000 years old in order to define species identity and construct assemblage compositions. Alongside inferences into environmental and biological shifts from the Neolithic era to present day in the Baltic region, we demonstrate for the first time the ability to distinguish between recently diverged members of the Salmo (salmon) and Scophthalmus (turbot) genera. ZooMS analysis highlights 7% of the collagen--containing assemblage as having been morphologically identified incorrectly and has facilitated taxonomic refinement of a further 28% of samples, including some of the morphologically indeterminate bone fragments. This research emphasises the great potential of ZooMS in identifying ichthyoarchaeological bone remains to species--level, and provides a case for the use of collagen fingerprinting in contributing to baseline fisheries and ecological data to inform modern management.
Introduction
The Baltic Sea is a young, shallow, semi--enclosed sea that was carved from the last glaciation event. Today the sea covers an area of 415,000 km 2 (Emeis et al., 2002) and features the coastlines of many countries, including Lithuania. The modern Baltic Sea features a range of salinities extending from low--salinity (near--freshwater) environments on the eastern edge and on the upper surface of the sea, to high salinity environments in the west and at depth that support ecosystems of marine origin (Emeis et al., 2002; Harff et al., 2007; Mohrholz et al., 2015) .
Brief History of Fishing in Lithuania
The history of the Baltic Sea from the last glacial event to the Holocene is rich in evidence of past human activities, particularly near the coasts. In the last 14,000 yr BP (years before present), the sea has endured vast alterations in environmental conditions (climate, temperature, salinity), which have been accompanied by shifts in biota (Weckström et al., 2017) . The Mesolithic communities in Lithuanian territorial waters favoured the complex ecotopes of river mouths and findings of stationary fishing constructions dating to 8505 yr BP (the oldest known of their kind in the Baltic region) demonstrate early exploitation of freshwater fish in these regions (Girininkas and Žulkus, 2017) . The Mesolithic people showed preference towards harvesting salmon (Salmo salar), carp (Carassius carassius), perch (Perca fluviatilis) and catfish (Silurus glanis) (Sloka, 1986; Zagorska, 1992) , and are likely to have used hunting tools such as daggers, spears, fish traps, harpoons and hooks (Enghoff, 1994; Meadows et al., 2014) , with the latter tradition being notably common throughout Mesolithic Europe (Gramsch et al., 2013) . Fishing with mesh nets in the Baltic region began in the late Mesolithic (7000-5300 yr BP) and continued into the Neolithic and beyond, indicated by a prevalence of smaller fish bones being found alongside larger ones in ancient assemblages (Olson and Walther, 2007; Piličiauskas et al., 2015) .
The transition to farming brought about the end of the Mesolithic and the beginning of the Neolithic period, approximately 5500 yr BP in Lithuania (Piličiauskas et al., 2012) . In these times, although agricultural practices and animal husbandry were slowly being implemented, hunting and fishing were still dominant and stable methods of acquiring sustenance (Rimantienė, 1992a; Daugnora and Girininkas, 1996; Piličiauskas et al., 2012; Girininkas and Daugnora, 2015) . The fishermen of Neolithic Lithuania were proficient, typically using nets as their primary catchment method and targeting large predatory fish such as the northern pike (Esox lucius) (Rimantienė, 1992a; Rimantienė, 2005; Stančikaitė et al., 2009) . Neolithic archaeological collections, such as that of the Šventoji region of north--west Lithuania and lake settlements of the south--east, are famed for their exceptionally preserved artifacts (Rimantienė, 1992b; Daugnora and Girininkas, 1996; Piličiauskas et al., 2012; Girininkas and Daugnora, 2015) . Radiocarbon dates of such artifacts demonstrate the regions were occupied from at least 6000-2800 yr BP, a period following the maximal Littorina Sea transgression at 7500 yr BP (Daugnora and Girininkas, 2004; Rimantienė, 2005; Damušytė, 2011; Piličiauskas et al., 2012 )-one of the four recognised stages in the post--glacial progression of the Baltic basin (Andrén et al., 2011) . This marine phase, the first connection between the Baltic lake system and the North Sea, established favourable conditions for the exploitation of aquatic resources by early settlers (Jöns, 2011; Girininkas and Daugnora, 2015) . The marine bay was then separated from the North Sea by a sandy bar, forcing a semi--open lagoon dated 7200-3500 yr BP, which favoured a freshwater environment interspersed with further intrusions of brackish water as a consequence of weather extremes and further regression events (Stančikaitė et al., 2009; Andrén et al., 2011; Piličiauskas et al., 2012) . These environmental shifts can be evidenced through sediment analyses (Andrén et al., 2000) , and through the study of ancient fish bone deposits to identify species that are halophilic (marine), such as brill (Scophthalmus rhombus) or halophobic (freshwater), such as pike (E. lucius) (Daugnora and Girininkas, 2004; Stančikaitė et al., 2009; Girininkas and Daugnora, 2015) . In the early Neolithic period, settlements became more pronounced at the junctions between rivers and seaside lagoons (Lõugas, 1997) , and these lagoons were becoming increasingly more saline due to influences from the North Sea (Andrén et al., 2011; Piličiauskas et al., 2012) . By the middle and late Neolithic, the diversity of freshwater, diadromous and seawater species being caught was increasing, with greater proportions of marine species typically being targeted as the Neolithic era progressed (Enghoff, 1994; Lõugas, 1997; Enghoff, 1999; Makowiecki, 2003; Daugnora and Girininkas, 2004) .
A high dependency on aquatic food resources continued into medieval Lithuania whereby an expansion in fish trade and commercial exchange ensured the retention of fishing practices throughout the middle ages (Zvelebil, 2006; Piličiauskas et al., 2012) . Here, catch preference steered again towards more marine--based methods of harvesting, in part due to demand intensification but also as a result of a reduction in freshwater fish stocks (Barrett et al., 2011; Lotze et al., 2014) . For example, during the archaeological investigation at the Medieval site of Klaipėda Castle (north--west Lithuanian coast; 14-17 th century), a 5-6 m thick cultural layer was unearthed containing over 3000 artifacts, of which 800 were fishhooks and fish bones (Žulkus, 2002) . In the late 14 th century the main species of interest for the castle's inhabitants included bream (Abramis brama), twait shad (Alosa fallax), pike--perch (Sander lucioperca) and pike (E. lucius). However, into the 15 th century the menu incorporated increasingly brackish/marine or diadromous species, including cod (G. morhua), Atlantic salmon (S. salar) and brown sea trout (Salmo trutta trutta), alongside artificially grown carp (Cyprinus carpio) (Žulkus and Daugnora, 2009 ).
In the Baltic region, the species prevalent in archaeological fish deposits through the ages generally represent the local fish fauna of the region, rather than species that have been brought in through trade (Enghoff, 1999; Žulkus and Daugnora, 2009) , although a handful of archaeological analyses have suggested small--scale commercialization and fisheries trade began to take hold from the 11 th -14 th centuries (Žulkus and Daugnora, 2009; Orton et al., 2011) , with larger and often international enterprises gaining significance well into the 16 th century (Holm, 2016) . Such harvesting for personal consumption or trade has been changing the Baltic aquatic systems for thousands of years, and anthropogenic pressures have since culminated in a maximal impact during the last 100 years (Rimantienė, 1998; Limburg et al., 2008) . Consequently, the Baltic Sea is now recognised as one of the world's most polluted sea areas and is further threatened by overfishing, invasive species introduction, eutrophication and climate change (Weckström et al., 2017; HELCOM, 2017) .
Faunal Identification using Proteins
The analysis of historical records (e.g. Gaumiga et al., 2007; MacKenzie et al., 2007) and zooarchaeological material (e.g. Holm, 2016; Yurtseva et al., 2014) can enable ecological reconstructions and provide a greater understanding of aquatic baseline fisheries data prior to the major anthropogenic interferences of the modern era. Such analyses are of key importance in the Baltic Sea, which currently relies on [often underreported] fisheries data from the 1950's onwards to assess biological depletion (Zeller et al., 2011) . Where past studies assessing fisheries through zooarchaeological analyses have typically utilised morphological methods of bone identification, other tools are now available for zooarchaeologists. For example, preserved proteins such as collagen type I ('collagen (I)') can be harnessed for faunal identification in ancient bone fragments that may otherwise be left unidentified. In this process, termed 'ZooMS' (Zooarchaeology by Mass Spectrometry), collagen (I) is extracted from the bone, enzymatically digested and then the peptide mixture analysed using soft--ionisation mass spectrometry (Buckley et al., 2009) . The resulting mass spectrum is called a peptide mass fingerprint (PMF), or more generally a 'collagen fingerprint' as it allows visualisation of the collagen peptides in relation to their mass--to--charge ratios (m/z). Peptide peaks that can be seen as specific to a particular taxonomic level are referred to as biomarkers and it is a combination of these biomarkers that allows the refinement of taxonomic identification to family level , genus level (e.g. Buckley et al., 2017) , and occasionally to species level (e.g. Buckley et al., 2016) . Liquid chromatography tandem mass spectrometry (LC--MS/MS) can also be employed as a supportive technique to assist in the sequencing of peptide biomarkers using probability--based matching. In LC--MS/MS, thousands of peptides from complex proteolytic mixtures can be separated in the first stage of mass spectrometry, and then sequenced in the second stage via collision--induced dissociation (CID). This process generates product ion spectra that detail the m/z of the resulting peptide fragments. When presented with a database of collated protein sequences, probability--based matching allows the inference of specific peptide sequence information that can help interpret homologous biomarkers between taxa (Buckley et al., 2009) , or facilitate the building of sequences for phylogenetic analysis (Buckley, 2013) .
The collagen (I) molecule is present as a triple helical heterotrimer, with one or more of the three left--handed polypeptide subunits, termed alpha (α) chains, differing in amino acid sequence (Piez, 1965) . Collagen (I) in the majority of vertebrates is formed from two identical α1 chains and one chemically dissimilar and quicker evolving α2 chain, each of approximately 1000 amino acids in length ). This formation is termed an '(α1) 2 α2 1 ' arrangement. The α2 chain is less restricted in its requirement for the amino acid proline (Pro), promoting a greater variability in sequence between different taxonomic groups (Buckley et al., 2009) , whilst still adhering to the obligatory (Gly--Xaa--Yaa)n repeating sequence that typifies the collagen (I) α--strands (Kadler et al., 1996) . Interestingly however, certain fish species exhibit a more complex heterotrimeric arrangement whereby each of the three α chains differ in sequence to form an 'α1 1 α2 1 α3 1 ' heterotrimer (Piez, 1965) . The α3 chain in fish arose from a duplication event of the gene that encodes for the production of the α1 chain (Morvan--Dubois et al., 2003) , yet this chain is faster evolving than either of the α1 or α2 chains, facilitating higher levels of sequence variation as a function of evolutionary divergence time (Buckley, 2018) .
In this case study we apply ZooMS and LC--MS/MS to ancient Medieval (14 th -17 th century) and Neolithic (~5000-6000 yr BP) fish bone assemblages from Lithuania to examine the potential of these techniques in determining faunal identity. We then aim to explore the capability that this molecular toolset has for assessing past species distributions and inferring fisheries baselines in order to inform modern ecosystem management and recovery programmes for both the Baltic Sea and beyond.
Materials and Methods

Archaeological Sites
Ancient fish bone samples were collected from a variety of archaeological complexes in Lithuania: Klaipėda City (16-17 th century), Klaipėda Castle (14-17 th century), Šventoji and Kretuonas (Neolithic) (Figure 1 ). In 2013, three trenches were excavated at Klaipėda City's Turgaus Square 12 plot, covering a total area of 399.16 m 2 and containing a cultural layer of 1.9-2.7 m thick. The layer contained an abundant collection of household pottery, structural ceramics, glass artifacts, coins, ornaments and faunal remains, including fish. The Klaipėda Castle site (curtain rampart E), excavated in 2014, was found to comprise a cultural layer 5-6 m thick, dating to the Medieval period. The site contained numerous bones from fish and other vertebrates, deposited alongside more than 3000 cultural artifacts.
The north--westerly Neolithic complex of Šventoji is a massive archaeological network consisting of around 60 sites, dating 6000-2500 yr BP (Rimantienė, 2005; Heron et al., 2015) . Settlements were situated alongside a coastal freshwater lake, transformed from a sea lagoon which transitioned into the Pajūris bog at the end of the Neolithic period (Rimantienė, 1992a) . The sites of Šventoji 2, horizon B (2B; excavated in 1967-1969), Šventoji 4, horizon A (4A) and horizon B (4B; discovered in 1986) are dwelling or dumping/refuse zones related to food consumption, situated on the shore of the lagoon (Rimantienė, 1992a; Rimantienė, 1996; Rimantienė, 2005; Heron et al., 2015) .
The sites of Kretuonas 1, horizon A (1A; Late Neolithic) and Kretuonas 1, horizon B (1B; Middle Neolithic) are situated near a Neolithic lake region in eastern Lithuania (Daugnora and Girininkas, 1996; Daugnora and Girininkas, 1998) . The cultural layers of these settlements contain numerous tools used for hunting and fishing made from wood, stone or, more commonly, the bones of large ungulates (Daugnora and Girininkas, 1995) . Though there is evidence of fishing tools from these sites, including hooks made from bird forelimbs and bone needles for sewing nets (Daugnora and Girininkas, 1995; Rimantienė, 2005; Girininkas and Daugnora, 2015) , there have been no analyses of fish bone remains from the Kretuonas sites until this present study. Fish bone samples from all sites were morphologically identified where possible before being sent to the University of Manchester for ZooMS collagen fingerprint analysis. 
Collagen Fingerprinting 2.2.1 Reference Material
Modern bone samples were processed for acid--soluble and acid--insoluble ZooMS analysis following the methods adapted from Buckley et al. (2009) and van der Sluis et al. (2014) respectively. Here, skeletal samples from a selection of geographically and taxonomically relevant actinopterygian fish of 10 different orders and 15 different families (Supplementary  Table S1 ), were decalcified in 1 mL 0.6 M hydrochloric acid (HCl; Fisher Scientific, UK) at 4 o C for 18 h to release acid--soluble collagen (I). Following demineralisation, two independent volumes of 500 μL HCl were transferred to 10 kDa molecular weight cut off (MWCO) ultrafilters (Vivaspin, UK), centrifuging at 12,400 x g for 30 min between each volume to pass the supernatant through. Following each spin the ultrafilter through--flow was discarded and the filter washed with two separate volumes of 500 μL 50 mM ammonium bicarbonate (ABC; Sigma--Aldrich, UK) and centrifuged for 30 min. Collagen was collected by dispensing and aspirating 100 μL 50 mM ABC onto the filter 20 times and transferring to a fresh Eppendorf tube. 0.4 μg sequencing--grade trypsin (Promega, UK) was added to each sample and incubated at 37 °C for 18 hr.
Following digestion, samples were purified and fractioned via reversed phase chromatography using C18 solid phase extraction (SPE) pipette tips (Varian, UK), following manufacturer's protocol, whereby each sample was acidified to a concentration of 0.1% trifluoroacetic acid (TFA; Signa--Aldrich, UK) and, to aid biomarker identification, eluted into two distinct fractions of increasing acetonitrile (ACN; Merck, UK) concentrations: 10% ACN/0.1% TFA and 50% ACN/0.1% TFA. Fractions were air--dried for 48 hr and resuspended with 10 μL 0.1% TFA. 1 μL was then spotted onto a Bruker mass spectrometer (MS) target plate and co--crystalised with 1 μL of α--cyano--4--hydroxycinnamic acid matrix solution (0.1% TFA in ACN/H 2 O 1:1 v/v). Spots were air--dried before being applied to a Bruker Ultraflex II MALDI--MS operating at 2000 laser shots per plate spot, over a m/z range of 700-3700. Calibration was achieved using a five--calibrant peptide spot of 0.9-3.7 kilodalton range, placed adjacent to sample spots. Original bone sample pellets were air--dried and stored at room temperature. Collagen fingerprints were analysed using mMass software (v5.5.0). (See Supplementary Figures S6.1-S6 .34 for annotated collagen fingerprints of modern specimens, and Supplementary Table S3 for peak lists of modern representatives of the species found in the assemblage).
Ancient Material
A total of 114 fragments of fish bone from sites in Lithuania were analysed initially for soluble collagen (I). Each bone sample was placed in a 1.5 mL Eppendorf tube and 1 mL of 0.6 M HCl added prior to overnight demineralisation (~18 hr, 4 °C). Samples were centrifuged for 1 min at 12,400 x g to precipitate the pellet and acid--soluble fractions were buffer exchanged into 50 mM ABC and digested using the same procedure as the modern samples (above). Ancient samples were then purified and concentrated with C18 SPE pipette tips into 10% ACN/ 0.1% TFA and 50% ACN/0.1% TFA fractions, then dried, resuspended and analysed using a Bruker Ultraflex II MALDI--MS operating at 2000 laser shots per plate spot (m/z range=700-3700) (as above). Collagen fingerprints were analysed using mMass software (v5.5.0) and faunal identification was achieved through comparative analysis with reference fingerprints.
Samples that failed to produce a collagen signal during mass spectrometric analysis of the concentrated 10% and 50% ACN fractions were subsequently analysed for their insoluble collagen (following Buckley et al., 2009) . 300 μL 50 mM ABC was applied to each bone pellet and samples were gelatinised at 75 °C for 3 hr. Following gelatinisation, samples were centrifuged briefly and the supernatant removed and placed into a fresh Eppendorf tube. 0.4 μg of trypsin was introduced to each sample before incubation at 37 °C for 18 hr. Following digestion, samples were fractioned into two ACN concentrations (10% and 50%) and analysed as above (see Supplementary Table S2 for all ancient sample identifications, Supplementary Figures S7.1-S7.11 for annotated collagen fingerprints and Supplementary Table S4 for peak lists of one example of each ancient species found in the assemblage).
Liquid Chromatography Tandem Mass Spectrometry (LC--MS/MS)
Reduction and alkylation steps were carried out on a sub--selection of the modern reference fish analysed for their collagen fingerprints, with taxa representing those that were morphologically identified in the ancient assemblage: Carassius carassius, Esox lucius, Gadus morhua, Sander lucioperca, Scophthalmus maximus, Scophthalmus rhombus, Salmo salar, Salmo trutta fario, Salmo trutta trutta and Silurus glanis. Here, fresh bone from each species was processed for both its soluble and insoluble collagen as above, except following the final rinse using 50 mM ABC (prior to the addition of trypsin), samples were reduced and alkylated for LC--MS/MS analysis to assist with peptide interpretation. Reduction was achieved by adding 2.1 µL of 100 mM dithiothreitol (DTT) for every 50 µL of sample volume (total volume=100 µL and 300 µL for soluble and insoluble samples respectively), and resting at room temperature for 40 min. Following this, 8.4 µL of 100 mM iodoacetamide (IAM) was added for every 50 µL sample volume and placed in the dark at room temperature for 45 min before repetition of the DTT step as above. Soluble and insoluble samples were incubated with 0.4 µg trypsin for 18 hours at 37°C, and then purified and fractioned using C18 SPE tips as above.
Fractions from the C18 SPE step were fully dried and the four samples for each species (soluble 10% and 50% plus insoluble 10% and 50%) were combined by resuspending in 10 µL 0.1% TFA and combining 2 µL of each in a fresh 1.5 mL tube. Samples were dried in a fume hood and resuspended in 5% ACN + 0.1% formic acid (FA). Samples were then analysed using LC--MS/MS (Waters nanoAcquity UPLC system coupled to a Thermo Scientific Orbitrap Elite MS) at the Biological Mass Spectrometry Core Research Facility (University of Manchester) similar to methods described in Buckley et al. (2015) . Samples were concentrated on a 20 mm x 180 μm pre--column prior to being separated on a 1.7 μM Waters nanoAcquity Ethylene Bridged Hybrid (BEH) C18 analytical column of (75 mm × 250 μm i.d.). Fractionation was achieved using a gradient beginning at 99% buffer A/1% buffer B and finishing at 75% buffer A/25% buffer B, whereby buffer A = 0.1% FA in H 2 O and buffer B = 0.1% FA in ACN.
Resulting MS/MS datafiles (.mgf) were searched against publically available curated protein sequence database, SWISS--PROT, to check they contained the collagen (I) protein predominantly, before undergoing standard searches against a custom (local) database of fish collagen (I) sequences compiled using MASCOT (v2.5.1; Perkins et al., 1999) . Datafiles were searched using standard 'decoy' searches to interrogate ion fragmentation matches using the strict criteria as follows: up to two missed cleavages, peptide tolerance of ± 5 ppm, MS/MS fragment ion mass value tolerance of 0.5 Da, a fixed carbamidomethyl modification of cysteine (mass shift = +57.02 Da), variable deamidation of asparagine (N) and glutamine (Q) modifications (mass shift = +0.98 Da; to allow for common diagenetic alterations), and variable oxidation of methionine (M), and hydroxylation of proline (P) and lysine (K) modifications (mass shift = +15.99 Da; equivalent mass to the process of hydroxylation). To enable MASCOT to identify single amino acid sequence disparities in any one peptide, 'error tolerance' searches were employed using the criteria as follows: fixed carbamidomethyl modification of cysteine (mass shift = +57.02 Da), variable modifications for the oxidation of lysine (K) and proline (P) and an allowance of one missed cleavage.
MASCOT search results were compared to the collagen fingerprints to identify peptides that could be assigned to a specific taxonomic level. Peaks that can be seen to differ between species following fingerprint interrogation were manually examined on the MASCOT search results for quality. Quality was defined by MASCOT--assigned ion scores, which were required to be higher than the highest false positive result, and the assessment of the fragment ion spectra. Where a high--scoring peptide sequence was found to be visible in the fingerprint for that species, the peptide was recorded as a biomarker for the taxon.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD010041 (Vizcaíno et al., 2016) .
Results and Discussion
Species Identification using Collagen Fingerprinting
Initial taxonomic identification was achieved through comparative analysis of ancient and reference material collagen fingerprints (Supplementary Table S2 -S4, Figures S6-S7 ). Fingerprints were interrogated to see whether there were any peptide peak position disparities along the m/z axis between the ancient spectra and the reference spectra they matched to. Fingerprints that could be matched to a reference specimen were assigned that identity. In cases where no other species within the genus are known to occur in the Baltic Sea (e.g. Esox lucius, the Northern pike; Figure 2 ), identification to species--level could be assigned with much greater confidence. In this particular case, no other species would be expected in the assemblage, even within the wider family group of Esocidae. To achieve reliable refinement of identity to species--level where two or more members of the same genus are known in a locality, collagen fingerprint interrogation was combined with LC--MS/MS data to resolve species--specific peptide biomarkers. For example, two definitive amino acid sequence disparities are visible between the modern reference samples of Salmo salar (Atlantic salmon) and Salmo trutta (brown trout) (divergence time The lower mass biomarker (Figure 3 ) is present at m/z 996 (GGIGSAGPAGPR) in S. trutta and m/z 1026 (GGIGSAGPTGPR) in S. salar. A protein BLAST (Basic Local Alignment Search Tool) search of the sequence in S. trutta matches it to collagen I tryptic peptide 47 on the α3 chain of closely related salmonid Oncorhynchus mykiss (BLAST Accession NP_001117678; Saito et al., 2001) , but also to tryptic peptide 47 on the α1 chain of O. kisutch (Accession XP_020316038). Understanding whether the peptide belongs to the α1 or α3 chain can thus be better understood through the process of elimination. Specifically, the LC--MS/MS data suggests the peak visible at m/z 1010 in both S. trutta and S. salar represents tryptic peptide 47 of the α1 chain (GAPGPSGPAGAR), a sequence also listed on BLAST for S. salar (Accessions XP_014059932.1, XP_014048044), O. mykiss (XP_021413219) and Esox lucius (XP_010862194), the latter having diverged from the salmonids 105 million years ago (Ma) (Betancur--R et al., 2017) . We therefore label the m/z 996/1026 biomarker as COL1A3T47, referencing its proposed position on the α3 chain, in a labelling system defined by Buckley et al. (2009) and detailed by Buckley (2016) (Supplementary Figures S1-S3 ). The expression of the α3 chain has been previously recorded for O. mykiss (Saito et al., 2001) , and the published genome of S. salar similarly shows the presence of the gene that codes for α3 (e.g. Martin et al., 2010) . However, our data provides the first supporting evidence that peptides from the α3 chain can be visualised through collagen fingerprinting. The second biomarker, present at m/z 3074/3090 in S. trutta (GPNGPPGSPGPQGFTGHAGEPGEPGQTGSIGAR) and m/z 3084/3100 in S. salar (GPNGPPGSPGPQGFTGHAGEPGEPGQTGPIGAR), is the third tryptic peptide from the α2 chain of the collagen molecule (COL1A2T3). The +16 peak shift that is visible here is due to the variable oxidation of proline (P) (Supplementary Figures S4-S5 ).
The two salmonids, S. trutta and S. salar diverged from each other approximately 10 Ma (Robertson et al., 2017) . Given the rate of sequence evolution in actinoptergiian fish is estimated at 1 amino acid substitution every 1 Ma across the entire molecule (Buckley, 2018) , there are likely be more sequence disparities between these two species. However, the current publically available collagen (I) sequences for salmonids, though admittedly more abundant than for many other fish families, are not sufficient at this stage to infer further sequence changes. This is because some disparities are not always visible in the collagen fingerprint, which only typically displays around 40% of peptides (Buckley, 2016) . It has not yet been possible to identify any collagen fingerprint disparities between the oceanic (Salmo trutta trutta) and the riverine sub--species of brown trout (S. trutta fario). This is unsurprising as the sub--species diverged from one another in the order of 450-700 Ka (Bernatchez et al., 1992) , which is a timeframe not theoretically long enough for a collagen (I) amino acid substitution to have occurred (Buckley, 2018) .
In addition to the salmonids, one species--specific homologous biomarker is visible between the two investigated members of the Pleuronectiformes, Scophthalmus rhombus (brill) and S. maximus (turbot) (Figure 4 ). Due to a poor representation of the Pleuronectiformes in the custom database and on BLAST (two species), and the absence of a published collagen (I) sequence from any scophthalmid, the two forms of the peptide cannot yet be probability--matched to obtain sequence data. However, the biomarker present at m/z 1223/1239 was able to verify the identity of the species present in the ancient assemblage, whereby all samples display this peptide at m/z 1239 indicating that they are S. rhombus. 
Species Biomarkers for Fish
Owing to the complexity of fish collagen, itself a consequence of rapid sequence evolution plus the added intricacy of the species--and tissue--specific α3 chain, collagen fingerprint taxonomic biomarkers for fishes are complex to define and have subsequently never been done so. Firstly, Richter et al. (2011) were able to separate species using principle component analysis (PCA) but did not attempt to identify any specific collagen biomarkers. Secondly, an overview of fish collagen by Buckley (2018) hinted at the complexity of the task by displaying a collagen fingerprint of G. morhua and closely related haddock, Melanogrammus aeglefinus, and labelling a selection of the most abundant peaks in each. However, whether or not the markers were homologous between the two species was not discussed. Here, we display for the first time a suite of homologous biomarkers across the various orders of taxa in this study, including Cypriniformes, Perciformes, Gadiformes, Esociformes, Salmoniformes, Pleuronectiformes and Siluriformes (Table 1) . Proposed collagen (I) [COL1] peptide biomarkers for the archaeological taxa found in this study and members of the same genera if also known from the Baltic region. ✓=peptide is present at this m/z in the collagen fingerprint for this species; X=peptide code unknown. Peptide code previously published for other taxa in:
1 Buckley et al. (2014) ; 2 Buckley et al. (2009 Collagen biomarkers have been widely published for mammals (e.g. Buckley et al., 2016) , birds (e.g. Buckley et al., 2009) , and more recently for reptiles and amphibians (Buckley, 2018) . Collagen (I) biomarkers presented by the pioneering work on ZooMS (Buckley et al., 2009) , were originally investigated because they were amongst the least conserved (i.e. most rapidly evolving) regions of the collagen (I) molecule in the taxa interrogated (mammal and bird representatives), in addition to the fact that they generated the most abundant signals. These regions display higher rates of inter--specific variation, and thus provide a key service when distinguishing between closely related vertebrate species. However, in fish, many of these regions of the collagen molecule are so quick to evolve that they are too diverse to be matched to [currently available] collagen sequences. In such cases, both the homologous peptide peaks (MS analysis) and peptide sequences (MS/MS analysis) will remain unidentified between species and can therefore play only minimal roles in species identification. Further to this, arginine (R) and lysine (K) residues (the C--terminals of which are active trypsin sites), are sometimes substituted into collagen sequences in place of non--tryptic residues, causing a peptide biomarker that may be diagnostically useful in some vertebrate clades to be cleaved into two separate, smaller peptides in fish. For example, peptide COL1A2T69 (peptide 'D' following nomenclature in Buckley et al., 2009) , can be used to distinguish a suite of vertebrate species, including being vital for separating narwhals from beluga whales . However, in the majority of fish species that have available collagen sequences this D marker is cleaved into two separate peptides during tryptic digests [here we label these COL1A2T69 (1) and (2) to maintain homolog comparison with other vertebrate clades]. Furthermore, each of these two peptides are typically so diverse that even members of the same genus (e.g. Carassius carassius and C. auratus) have different sequences for both (Table 1) .
It is also worth noting here that some peptides of the identical m/z in Table 1 are isobaric to one another but may have very different amino acid sequences, including peptide COL1A2T56 at m/z 2137 in scophthalmids (GEVGPAGAPGFAGPPGADGQPGAR) and also in salmonids (GEGGPAGPPGFAGPPGSDGQSGPR).
Assemblage Composition
Of the 114 samples, 85 (75%) have generated collagen (I) peptide mass fingerprints that are suitable for inferring taxonomic identity (Table 2; Figure 5 ). Such identities confirm the presence of eleven species, including at least 3 different species of cyprinid (family Cyprinidae) and one perciform (order Perciformes) (Supplementary Table S2 ). All of the samples from Kretuonas 1A and 1B failed to generate a collagen signal (see Harvey et al., 2016 for the definition of a failed collagen fingerprint). It is possible that the samples collected from the Kretuonas sites have been charred from cooking practices, which correlates to the dark grey colour of these bone samples in comparison to those from the western sites. The only samples not yet identified to species level are the cyprinids (three forms) and perciform (one form). This is not a factor of the quality of the collagen fingerprints, but rather it is a limitation of the current reference collection. These samples are highly likely to be refinable to species--level if the correct reference taxa can be obtained, although with at least 20 perciform and 26 cyprinid species known to Lithuanian waters (Froese and Pauly, 2017) , the task is beyond the scope of this present study. The most abundant species in the identified assemblage is the northern pike, E. lucius. Consequently the majority of the species are typically freshwater/brackish--dwelling in the Baltic region (83%), also including C. carassius, Silurus glanis, Sander lucioperca and the cyprinid forms. The species that are more characteristic of marine/brackish environments, G. morhua and S. rhombus, comprise 15% of the assemblage. We note that the single perciform cannot as yet be defined by habitat as both marine and freshwater species are present in the Baltic. Finally, one specimen of S. trutta is present which could be either the freshwater (S. trutta fario) or marine (S. trutta trutta) ecotype ( Figure 5 ).
The relative proportions of freshwater/brackish (83%) and marine/brackish (15%) species found at the Neolithic Šventoji sites are in keeping with the literature, where freshwater fishing environments were generally favoured by the Neolithic communities, but with increasing influence of marine species into the Late Neolithic and beyond (Makowiecki, 2003; Daugnora and Girininkas, 2004) . At the medieval Klaipėda sites, there was a presence of just one marine specimen, cod (G. morhua), compared to ten samples of freshwater/brackish origin. Here, an increased quantity of marine/brackish specimens would have been expected due to reports of a reduction in freshwater fish stocks during these times in medieval Europe (Barrett et al., 2011; Lotze et al., 2014) . However, with such a small sample size for the medieval sites this trend should be looked at with caution. Both assemblage composition and habitat distribution across marine and freshwater systems are similar to those presented by Stančikaitė et al. (2009) when morphologically identifying fish bones from Šventoji 4A. Stančikaitė et al. (2009) found the majority of samples to be E. lucius and also reported a dominance of freshwater/brackish species. Our study shows slightly higher proportions of freshwater/brackish species and the analysis has unpicked and expanded categories into more precise groups. For example, Stančikaitė et al. (2009) bundled carp (C. carassius) and all other cyprinids into the category 'minnows' whereas collagen fingerprinting has allowed the separation of this group into the crucian carp, C. carassius, and all other cyprinids. Similarly, 'flounders' was used as a collective term for up to five different Pleuronectiform species, whereas this study verifies the presence of just one species, S. rhombus.
Molecular Versus Morphological Identification
All samples were morphologically identified where possible, before ZooMS collagen fingerprinting was applied (Supplementary Table S2 ). A total of 84% (n=71) of all successfully fingerprinted samples that were morphologically assigned an identity had been correctly identified. However, ZooMS was able to refine the taxonomic identification in 34% (n=24) of these samples from family--level 'Cyprinidae' and 'Pleuronectidae' to species--level 'Carassius carassius' and 'Scophthalmus rhombus' respectively. Additionally, two samples were morphologically identified as either 'Gadus morhua/Sander lucioperca' and ZooMS analysis was able to confirm these identities as S. lucioperca. A total of 7% of the successfully fingerprinted samples had been incorrectly morphologically identified and the most common identity incorrectly assigned was Salmo salar, to a total of four samples. Yet, this species does not occur in the assemblage at all and instead these samples have been molecularly identified as E. lucius (n=2), Silurus glanis (n=1) and Salmo trutta (n=1). As an intentional component of this study, 27 samples were included because they could not be assigned morphological identifications. Interestingly, 19 (70%) of these also failed collagen fingerprinting (the majority of samples being from the Kretuonas sites) highlighting a potential correlation between physical and molecular preservation. One of the remaining eight is a perciform and seven are cyprinids, with the identity of three being refined to species--level as the crucian carp, C. carassius.
Ecological Understanding
Throughout the time of human settlement in coastal Lithuania, the Baltic area has undergone freshwater, brackish and marine phases, and these changes in salinity have dictated the fish species available for catch. Collagen analysis methods of species identification on ancient deposited bone show that fish harvested from the Baltic Sea following the maximal Littorina Sea transgression in two different timeframes, 500 yr BP (Klaipėda sites) and 6000 yr BP (Šventoji sites), comprise a rich composition of both freshwater (the majority) and marine representatives. All the species identified in this study have been recorded as still present in the most recent Baltic species checklist covering the Lithuanian coast (see 'Eastern Gotland Basin' region in HELCOM, 2012) , however, three species, C. carassius, Silurus glanis and Scophthalmus rhombus are listed as exhibiting only a 'temporary occurrence' in these waters today. Additionally, only G. morhua is understood to be regularly reproducing in these waters presently, with all other species found in this study, E. lucius, Salmo trutta and Sander lucioperca, occurring regularly but with no signs of reproduction. Baseline species distribution and biological composition data (i.e. levels before the onset of modern--day intensive fishing) cannot be so easily concatenated from either biological checklists (the HELCOM checklist of Baltic Sea Species was founded in 2009) or modern [often under--reported] fisheries data (e.g. Zeller et al., 2011) and this 'shortfall' must therefore be constructed through other means, such as zooarchaeological analysis. Considering catch monitoring for the Baltic Sea commenced in just 1903, with datasets remaining largely fragmentary until 1950, and with Lithuania submitting independent fisheries data from just 1988 (ICES Catch Statistic Database), baseline data that is used presently to inform modern management is likely to be vastly underestimated. For example, fisheries data for the whole of the Baltic Sea declares no reported landings of C. carassius until 1974 or S. glanis until 2006 by any of the countries that have historically harvested its waters (ICES Catch Statistic Database), yet this present study highlights these species as having been exploited 6000 years ago. Though these observations do not take into account social and cultural differences that can dictate dietary preferences through time, it is highly likely that current fisheries baseline data is misrepresented-a concern also noted widely in the literature for both the Baltic Sea (MacKenzie et al., 2002) , and beyond (Pauly, 1995; Pinnegar and Engelhard, 2008) . As morphological analysis does not provide access to entire assemblages and is no longer a novel technique for the Baltic region (e.g. Stančikaitė et al., 2009) , molecular species identification of ancient refuse piles is a valuable technique that we show here as being more accurate than morphological identification, whilst carrying the capacity to complement modern fisheries data, expose species distributions and biological compositions and rewrite baselines.
Conclusions
ZooMS collagen fingerprinting and LC--MS/MS are pivotal analytical techniques in proteomics, proficient in uncovering precise taxonomic identity (to species--level) and assemblage composition information in ichthyoarchaeological remains up to 6000 years old from the Baltic region. As well as uncovering mistakes made in morphological identification, this molecular toolset allows the visualisation of fisheries data prior to modern era datasets, which commonly neglect to capture the full extent of anthropogenic aquatic harvesting. Our hope is that ZooMS collagen fingerprinting will continue to be used in archaeological contexts to help improve baseline fisheries data, inform decision makers and increase environmental protection for the benefit of all stakeholder groups.
